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PREFACE

Atomic absorption spectroscopy offers an excellent example of the need for
continuing study and training. No other instrumental analytical technique
has ever shown such rapid growth in applications, yet the theory and
methodology of atomic absorption are but poorly covered in many basic
chemistry courses. It is hard to escape the conclusion that this sad state of af-
fairs arises not only from rapid growth, but also because of a certain unpro-
fessional aloofness on the part of many teachers, possibly affronted at the
wide industrial popularity of a technique so elegantly simple and unde-
manding of spectroscopic theory, and a certain jealously by advocates of
superseded analytical techniques.

Rapid technological development and the increasingly volatile nature of
employment in the scientific world ensure that few, if any, can expect to
leave school or college equipped with a range of skills and learning which
will serve all our working life. Indeed, part of the current debate about full-
time education is the extent to which vocational studies should appear on
the curriculum. We can certainly agree that an aim of such education should
be the equipping of students with the abilities necessary for self-teaching
after graduation.

Traditionally, those wishing to acquire new knowledge in mid-career or
at the start of a new career have turned either to evening classes or corres-
pondence courses. In advanced vocational subjects, the evening class has
developed, via day release, into part-time day and evening courses, typified
in the UK by several M.Sc. courses in Instrumental Chemical Analysis and
many post-HC courses in Advanced Analytical Chemistry (the so-called
LRSC courses). The less-generous economic climate now prevailing has
placed considerable difficulties in the way of those seeking day release to go
on such courses, or attempting to attend more intensive short courses on
single techniques. For several years, I was involved in the teaching of
atomic absorption spectroscopy on the relatively-successful part-time M.Sc.
course in Instrumental Chemical Analysis at Sheffield City Polytechnic.
When we came to review the course prior to the periodic resubmission to
the Council for National Academic Awards, we considered this dilemma.
There was clearly a growing need for the course, yet potential students were
finding it increasingly difficult to obtain the necessary half-day release. We
were aware that one of the most spectacular educational successes of the
past decade has been the Open University. The major features of their
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PREFACE

method of study are not the much-publicized televised components, but the
books of study material. If this approach could be successful at the under-
graduate level, it seemed likely that it should be applicable at the post-
graduate level. The decision was taken to teach half the traditional lecture
programme by individualized learning methods. This book sprang from
that decision. The material which I wrote to teach the part of the syllabus
covering atomic absorption, emission and fluorescence spectroscopy in
flame and electrothermal atom cells was so well received by the students,
that I was encouraged to publish the course for a wider public.

This book, while it is based upon that original self-learning material, has
been expanded and amended in several ways. Obviously, I have tried to en-
sure that the contents have been brought completely up to date, even in
those areas where developments are being made rapidly. The book now as-
sumes no advanced prior knowledge and is as self-contained a course as is
possible without dilution of the basic aim to teach atomic absorption spec-
troscopy. An attempt has been made to retain a succinct style of writing
with keywords highlighted to aid revision. At the suggestion of the stu-
dents who found them helpful, I have included more questions and I hope
this will aid readers who have to study this book independently.

The contents follow the structure that students have told me is most use-
ful. After a brief historical introduction, common elements of instrumenta-
tion are considered, followed by a detailed discussion of the flame as an
atom cell. The following chapters consider, in turn, flame emission, flame
atomic absorption and flame atomic fluorescence spectroscopy. In view of
the very wide interest in it as the technique of choice for trace metal
analysis, atomic absorption is dealt with in most detail. In each case, the ex-
position develops from basic theory, through practical instrumentation to
real application. Succeeding chapters deal in depth with practical aspects
such as interferences and applications, before attention is directed to the re-
cent, significant growth in the use of atom cells other than flames. The final
chapter looks at electrothermal atomization in considerable detail, conclud-
ing with a survey of the relative merits of this approach.

I hope that the reader will find this book a real contribution to the litera-
ture of analytical chemistry. Several eminent workers in the field have com-
mented to me on the lack of an introductory book suitable for self-teaching
the newcomer to atomic absorption spectroscopy. While I should be proud
to think that the old ‘AA hand’ can find something new and of value here, I
shall derive most satisfaction from helping the student or analyst who is
meeting an atomic absorption spectrometer for the first time. I hope that,
like me, they will find this useful technique elegant in its simplicity and ver-
satile in its capability, and come to find the practice of analytical atomic
spectroscopy profoundly satisfying.

Les Ebdon
Plymouth
July 1981
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AIMS

To introduce and develop a knowledge of the theory, instrumentation
and practice of atomic absorption, emission and fluorescence spec-
troscopy in flame and electrothermal atom cells.

To discuss the applications of these techniques to a range of typical
problems in analytical themistry.

To compare the relative merits of the above techniques in analytical
situations.

To introduce an understanding of currently developing themes in
the field and enable the student to follow current advances through the
means of the scientific literature.

To enable the student to develop and use precise and accurate
analytical methods for a range of determinations using the above

techniques.

PRIOR KNOWLEDGE

An attempt is made in this book to approach analytical atomic spec-
troscopy without requiring extensive prior knowledge. An under-
standing of the structure of the atom and basic spectroscopy is re-
quired, but this is not assumed to be at graduate level; for most of the
book, an understanding at the level of the Bohr theory will suffice. It is
assumed that some basic instrumentation is known, and no detailed
discussion of optical or standard electrical components is given.

INTRODUCTION AND SUGGESTED STUDY TIME-TABLE
The learning material is designed to replace traditional learning sys-
tems, such as lectures, as adequately as possible. While therefore it
covers a definable ‘course’ it is, like lectures, designed to be read in
conjunction with supplementary texts. Background reading in the
original and current literature is very valuable.

By setting aside an evening a week for study, the reader may com-
plete this book in five weeks. A suggested study time-table is given

below.

Week 1 Chapters 1 and 2
Week 2 Chapters 3,4 and 5
Week 3 Chapters 6 and 7
Week 4 Chapters 8, 9 and 10
Week 5 Chapter 11

Questions are interspersed with the material. You should satisfy
yourself that you can answer a question from the material above it be-
fore proceeding.
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1 INTRODUCTION

1.1 HISTORICAL

Spectroscopy is generally considered to have started in 1666, with Newton’s
discovery of the solar spectrum. Wollaston repeated Newton’s experiment
and in 1802 reported that the sun’s spectrum was intersected by anumber of
dark lines. Fraunhofer investigated these lines—Fraunhofer lines—further,
and in 1823 was able to measure their wavelengths.

Early workers had noted the colours imparted to diffusion flames of al-
cohol by metallic salts, but detailed study of these colours awaited the de-
velopment of the premixed air—coal gas flame by Bunsen. In 1859, Kirchhoff
showed that these colours arose from line spectra due to elements and not
compounds. He also showed that their wavelengths corresponded to those
of the Fraunhofer lines. Kirchhoff and Fraunhofer had been observing
atomic emission and atomic absorption, respectively.

Atomic absorption spectroscopy (AAS), atomic emission spectroscopy
(AES) and later atomic fluorescence spectroscopy (AFS) then became more
associated with an exciting period in astronomy and fundamental atomic
physics. Atomic emission spectroscopy (AES) was the first to re-enter the
field of analytical chemistry, initially in arc and spark spectrography and
then through the work of Lunegardh, who in 1928 demonstrated AES in an
air-acetylene flame using a pneumatic nebulizer. He applied this system to
agricultural analysis.

The term flame emission spectroscopy is applied to the measurements of
light emitted from flames by chemical species after the absorption of energy
as heat or as chemical energy (i.e. chemiluminescence). An older term is
flame photometry. If only the emission from atoms is observed, the term
atomic emission spectroscopy is preferred.

Atomic absorption spectroscopy is the term used when the radiation ab-
sorbed by atoms is measured. The application of AAS to analytical prob-
lems was considerably delayed because of the apparent need for very high
resolution to make quantitative measurements. In 1953, Walsh brilliantly
overcame this obstacle by use of a line source, an idea pursued indepen-
dently by Alkemade, his work being published in 1955.

The re-emission of radiation from atoms which have absorbed light is
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AN INTRODUCTION TO ATOMIC ABSORPTION SPECTROSCOPY

termed atomic fluorescence. In 1962, Alkemade was the first to suggest that
AFS had analytical potential, which was demonstrated in 1964 by

Winefordner.

These three types of spectroscopy are summarized diagrammatically in

Fig. 1.1.
Ei
. issi f
Atomic absorption | émission o
em(zgs]slion of heat or radiation
spectroscopy chemical _E-§
energy Vi =
h
£
£
Atomic absorgtlon of radiation
absorption vo = i~ Eo
spectroscopy lom
£q
E; ‘
emission of
Atomic absorption of radiation
fluorescence radiation = E - E
spectroscopy Vi = lh
E;
Fig. 1.1 Summary of AES, AAS and AFS.

The horizontal lines represent different energy levels in an atom. E; is the
term used for the lowest energy level, which is referred to as the ground
state. In flames, atoms are most commonly encountered in the ground state
and therefore all practical absorption measurements originate from atoms
in the ground state, as do virtually all practical fluorescence measurements.
E;and E, refer to other energy levels, E;being higher (greater energy) than E;.
A solid vertical line refers to a transition involving the absorption or emis-
sion of energy as radiation. The wavy line refers to a non-radiative transi-
tion. The energy of the radiation absorbed or emitted is quantized accord-
ing to Planck’s equation, E = hy, where h is Planck’s constant, v is the fre-
quency of the radiation and E is the energy difference between the two
energy levels in the atom. The frequency is related to wavelength by the for-
mula A (wavelength) = ¢ (speed of light)/v.
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INTRODUCTION

Q. What is the fundamental difference between AES and AFS?

1.2 BASIC INSTRUMENTATION

Figure 1.2 shows the basic instrumentation necessary for each technique. At
this stage, we will define the component where the atoms are produced and
viewed as the ‘atom cell’. Much of what follows will explain what we mean
by this term. In atomic emission spectroscopy, the atoms are excited in the
atom cell also, but for atomic absorption spectroscopy and atomic fluores-
cence spectroscopy, an external light source is used to excite the ground
state atoms. In atomic absorption spectroscopy, the source is viewed
directly and the attenuation of radiation measured. In atomic fluorescence
spectroscopy, the source is not viewed directly, but the re-emitted radiation
1s measured.

Current instrumentation usually uses a diffraction grating as the disper-
sive element and a photomaultiplier as the detector. Rapid-scanning photo-
electric detectors, such as Vidicon tubes, have been used in some research
instruments.

A variety of read-out systems are in use. These include analogue meters,
often with the capability of reading linearly in absorbance, chart recorders,
paper tape print-out, digital display and several microprocessor-controlled

s o7)

Atom Monochromator Read-out
cell and detector system

Y

Atomic Emission

. f-\ i

Source U : :
Atom Monochromator Read-out
cell and detector system

Atomic Absorption

Atom
cell A o A@

Monochromator Read-out
and detector system

®
Source

Atomic Fluorescence

Fig. 1.2 Basic instrumental sysiems used in analytical atomic spectroscopy.
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displays. With the latter, calibrations may be performed automatically, and
data on concentration, standard deviation etc. presented on a visual display

unit.
As may be seen, most of these components are common to a wide variety
of instrumentation, and in the next two sections some typical arrangements

will be outlined.

Q. Explain the different geometries used for AAS and AFS.

1.3 OPTICS FOR SPECTROMETERS

To exploit the full potential of atomic spectroscopy, it is usually necessary to
isolate a narrow band of wavelengths. As will be seen, this is particularly
important for atomic absorption spectrometry. This isolation may be
achieved by the use of filters or by geometrical dispersion. Dispersion is
generally preferred, although filters may be used in some simple emission
instruments.

Coloured glass filters which absorb most radiation, but allow some
wavelengths to be transmitted, are widely available. Unfortunately, their
transmission windows are quite large (e.g. 40 nm), which severely limits
their use. Filters which function on the interference principle, i.e. interfer-
ence filters, transmit much smaller bands of wavelength (e.g. 10 nm) and are
more useful, but expensive. They can be made by depositing a very thin,
semi-transparent film of silver on a glass or quartz plate, covering this film
with a very thin layer of a transparent material such as magnesium fluoride
and then with another semi-transparént layer of silver. As each silver film
reflects about half of the radiation that strikes it, some of the light will be re-
peatedly reflected before it is transmitted. The emergent rays will reinforce
each other only for radiation with a wavelength which is an exact multiple
of twice the distance between the two silver films. For all other radiation,
the distance travelled by the light rays in the filter is not an exact multiple of
their wavelength, and so the beams interfere destructively. The transmitted
radiation is more intense than that from a coloured glass filter, but consists
of multiple orders. The unwanted orders can be removed by making the
base plate, or a cover plate, absorptive in the correct region.

A monochromator is an instrument that can isolate a narrow range of
wavelengths (e.g. 1-0.01 nm) anywhere in a comparatively wide spectral
range (for atomic absorption spectroscopy, typically 190-900 nm). The bet-
ter resolution and the ability to select any desired wavelength make
monochromators the preferred means of wavelength isolation for atomic
absorption spectrometry.

4



INTRODUCTION

Although most modern instruments use replica diffraction gratings to
achieve dispersion, many early instruments used prism monochromators.
As many of the most analytically useful atomic absorption lines occur in the
ultraviolet, prisms made of silica (e.g. fused quartz) were used. The 60°
prism traditionally used in spectrographic instruments can be replaced in a
more compact and economical way by a 30° prism with its back surface sil-
vered. This so-called Littrow design is shown in Fig. 1.3. The passage of
radiation through the quartz in both directions will also correct for any
birefringence. The use of a concave mirror rather than a lens to focus the
light on the prism and on the exit slit enables the coverage of a greater opti-
cal range and eliminates chromatic aberration, a significant problem with
lenses.

Exit slit

Diffracted light Concave
ﬂ mirror
(silvered
o7

front
surface)

Incident light

Entrance slit

Table, rotated to
select wavelength

30° Quartz prism

Silvered back
surface

Fig. 1.3 Littrow-mounted prism monochromator.

The dispersion given by a prism is high in the ultraviolet, but decreases
rapidly as wavelength increases. Gratings give a dispersion which is essen-
tially constant throughout the spectrum, depending instead on the number
of rulings per unit width and the focal length of the monochromator. The
energy transmitted by a prism may be greater, as it is not split into different
orders and there are usually few stray light or ghost problems (faint false
lines on each side of the true spectral line). As gratings have improved, stray
light and ghost problems have been diminished, and blazing the grating
enables most of the energy to be thrown into the first order. The cost of re-
plica gratings now compares favourably with that of prisms. Holographic
gratings, which can be cut into a photosensitive resin using the interference
fringes of two coherent lasers, offer considerable improvements in perfor-
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mance, and with modern technology they can also be blazed economically.
Hence, the use of gratings is becoming increasingly popular.

The theory of a diffraction grating involves Huygens’ principle of second-
ary wavelets and is really beyond our scope. A simplified discussion of
arguments for a transmission grating may be helpful; this can easily also be
applied to a reflection grating. A transmission grating consists of a trans-
parent plate with a great many lines ruled upon it (e.g. 20 000 lines cm™?).
These act like regularly spaced narrow slits. From these, the light will
emerge as a series of intersecting wavelets like a series of semi-circles
emanating from each slit, i.e. as if each slit were itself a source of radiation.
In a short time, the wave systems will recombine to form the original wave-
front, the so-called zero-order. More interestingly, at a series of angles, 6, to
the grating, there will be constructive interference for light of a given
wavelength. The position of these diffraction wavefronts is given by the
grating equation:

nA =dsin @

where A is the wavelength, d is the space between the rulings on the grating,
and n is an integer (0,1, 2, 3...) called the order. Thus, a beam of poly-
chromatic radiation is diffracted into a series of spectra symmetrically lo-
cated on either side of the normal to the grating. It should be noted that for
any given 8 there will be several different wavelengths, albeit in different
orders. This overlapping problem is reduced by blazing the grating to a
level which generally gives rise to no problems, and may be eliminated by
the use of filters or a preliminary order sorting prism.

Figure 1.4 shows schematically a blazed reflection grating. A ray incident
at an angle a will be reflected from the groove face at an angle B, such that
a + ¢ = B — ¢, where ¢ is the angle of blaze. Such a grating, also known as
an echelette grating, is highly efficient in the diffraction of wavelengths
close to those for which specular reflection occurs. The wavelength at which
specular reflection and first-order diffraction coincide is called the blaze
wavelength, Ap. Energy is concentrated in the first order at Ag, at half Ag in
the second order, and so on.

There are other types of special gratings. An echelle grating is ruled with
step-shaped rulings a few hundred times wider than the average
wavelength to be studied. This is in contrast to the general arrangement
where the line spacing is similar to the average wavelength. The echelle is
used, however, at orders, n, of 100 or more and is thus capable of consider-
able dispersion. The manufacture of precision gratings is very demanding
and replica gratings are cast in plastic from an original.

A grating may be mounted in a monochromator in several ways. One
method uses the Littrow mounting, shown in Fig. 1.3. Another arrange-
ment, the Ebert mounting (Fig. 1.5), uses a large spherical mirror to colli-
mate and focus the beam. Czerny and Turner suggested replacing the large,
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Fig. 1.4 Schematic diagram of a blazed reflection grating.
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Fig. 1.6 Ebert mounting for a reflection grating.

expensive Ebert mirror with two small, spherical mirrors mounted sym-
metrically, as shown in Fig. 1.6. The Czerny-Turner mounting is very

popular for atomic absorption spectrometers as it combines economy with
relative freedom from aberrations.



